Introduction
Different signal transduction pathways are woven together into complex regulatory networks, ensuring that only particular combinations of signals trigger a specific cellular response. These regulatory networks are in some ways analogous to logic circuits (McAdams & Shapiro 1995) , a type of electronic circuit in which the dependence of the output on inputs can be described by simple symbolic logic functions such as AND, OR and NOT. A model for this type of cellular regulatory network is the switch between growth and meiotic differentiation in the yeast S. cerevisiae. When yeast cells switch into meiotic differentiation, they are adapting to a less favourable nutrient environment by increasing genetic variability and by protecting their genetic material within spore walls. This switch depends on several different nutritional signals from the cells' environment, each signal mediated through a different signalling pathway.
Meiosis and sporulation in yeast depends on: (i) starvation of at least one essential nutrient, for example, nitrogen, sulphur or phosphorus (Freese et al. 1982) , (ii) the presence of a non-fermentable carbon source such as acetate, and (iii) the absence of glucose (reviewed in Esposito & Klapholz 1981) . All three conditions must be met before cells can enter the meiotic pathway; for example, glucose will inhibit meiosis even when acetate is also present (Honigberg & Lee 1998) ; however, the mechanisms underlying this triple dependency are not understood. Efficient induction of meiosis may also require still other nutritional signals, for example an increase in intracellular pH (Hayashi et al. 1998) .
The signalling pathways mediating environmental controls on the growth/meiosis switch converge on a limited number of targets. The major targets are two regulatory proteins that together trigger meiotic differentiation: Ime1p, a transcriptional activator, and Ime2p, a serine/ threonine protein kinase. Nutritional signals control the transcription of IME1, and several transcription factors responsive to nutritional status (Msn4/5p, Yhp1p and Tup1p/Ssn6p) bind the IME1 promoter (Kunoh et al. 2000; Mizuno et al. 1998; Sagee et al. 1998) . This promoter contains different regions that respond to different nutritional signals; for example IREu, a 32 bp sequence, is required for the regulation of IME1 expression in response to carbon source (Sagee et al. 1998; Shenhar & Kassir 2001) .
In addition to the transcriptional regulation of IME1, nutritional signals also regulate the phosphorylation state of Ime1p (Malathi et al. 1999; Rubin-Bejerano et al. 1996; Vidan & Mitchell 1997; Xiao & Mitchell 2000) . Once phosphorylated, Ime1p promotes acetylation of the IME2 promoter, triggering IME2 transcription (Burgess et al. 1999; Kadosh & Struhl 1998) . Between them, Ime1p and Ime2p are required for the induction of most other meiosis-specific genes (Mitchell et al. 1990 ). In fact, genomic microarray analysis has suggested that more than 300 genes increase transcription at least fivefold during meiosis (Chu et al. 1998; Primig et al. 2000) . In addition, many types of meiotic regulation are post-transcriptional; for example, Ime2p kinase targets the degradation of Sic1p, thus triggering meiotic DNA replication (Dirick et al. 1998; .
Several genes in the nutritional signalling pathways that act upstream to IME1 have been identified. For example, Aldea's group has shown that over-expressing G1 cyclins, termed Clns, blocks IME1 and IME2 transcription, and conversely, cln3∆ mutants initiate meiotic replication more rapidly than do wild-type yeast (Colomina et al. 1999) . Cln levels normally decrease when the cells cease growth (Gallego et al. 1997; Parviz & Heideman 1998) , and this decrease may be necessary for the initiation of meiosis (Gari et al. 2001) .
In contrast to the inhibitory effects of Clns on IME1 and IME2 expression, Snf1 kinase is required for induction of both of these genes. Snf1p is a negative regulator of the glucose repression pathway (reviewed in Johnston & Carlson 1992) , and this pathway is the principal mediator for many of the inhibitory effects of glucose on meiosis (Honigberg & Lee 1998) . Other signalling pathways and regulators implicated in regulating the initiation of meiosis include the Ras/cAMP-dependent protein kinase pathway (Katoka et al. 1984; Tatchell et al. 1985) , the Tor2 phosphatidyl inositol kinase pathway (Zheng & Schreiber 1997) , the Slk1 MAP kinase pathway (Costigan et al. 1992) , Rim101p, Mck1p and Ime4p (Shah & Clancy 1992; Su & Mitchell 1993) . Many of these pathways and regulators have been conserved throughout evolution and are used in many different types of cellular signalling.
A greater understanding of the transition from the cell division cycle to meiotic differentiation in yeast will require defining the biological logic underlying the integration of different signalling pathways. Our results have revealed one aspect of this logic, namely that the Snf1p and Cln:Cdc28p pathways act sequentially to regulate IME1 expression at three distinct levels.
Results

Regulation of IME1 at three distinct levels
Earlier studies have demonstrated that under some conditions, the IME1 transcript is present at moderate levels -intermediate between the high levels induced in sporulation medium and the low or undetectable levels observed during growth in glucose (Honigberg & Lee 1998; Kassir et al. 1988; Kawaguchi et al. 1992) . This moderate expression could reflect an intermediate stage in the transition of yeast cells, from cell division to meiotic differentiation. To test this idea, we extended the earlier studies by comparing IME1 transcript levels when the cultures were growing in either acetate or glucose medium, once they had ceased growth in these media, and after these cultures were transferred to sporulation medium. At the same time as the IME1 transcript was assayed, IME2 expression was also determined, and expression of this second gene will be discussed in a later section. In agreement with previous results (Kassir et al. 1988) , the IME1 transcript was at very low or undetectable levels during log-phase growth in glucose (Fig. 1A , lanes 2 -3, and Fig. 1C ) and is induced to high levels after transfer to sporulation medium (lane 8). Also as seen previously (Kawaguchi et al. 1992) , IME1 transcript is present at moderate levels once the cells ceased rapid growth (lanes 4 -7).
The moderate levels of IME1 transcript expressed in cultures that have ceased growth was 5 -10% of the levels observed in sporulation cultures (Fig. 1A , compare lanes 5 -7 to lane 8), and incubation of these cultures for as long as 5 days did not lead to increased IME1 expression or to spore formation (not shown). IME1 is also expressed to moderate levels under other conditions that promote neither growth nor meiosis (Honigberg & Lee 1998) . We confirmed that mid-log cultures transferred to a medium that lacks both carbon and nitrogen sources (starvation medium) reproducibly expressed IME1 to 5-10% of the maximum level expressed in sporulation medium (Fig. 1E, F, lanes 2-3) .
When acetate rather than glucose was provided as the carbon source in growth medium, IME1 transcript was still expressed at very low or undetectable levels at mid-log (Fig. 1B, lanes 1-2 and Fig. 1C ). However, unlike the glucose cultures, cultures grown in acetate did not stably express moderate levels of IME1 once they had ceased growth; instead, they eventually induced high levels of IME1 transcript (Smith & Mitchell 1989) , which were Figure 1 Three-position switch: different IME1 and IME2 transcript levels in: rapidly growing cultures, cultures that have ceased growth, and sporulation cultures. (A) Samples were removed at the indicated times during growth in glucose medium, or 6 h after transfer of the 36-h culture to sporulation medium (Sp). RNA was isolated and IME1, IME2 and control (DED1) transcript levels were determined by S1 nuclease assay. Lane U contains a 1 : 20 dilution of the undigested probe. (B) Same as (A) except the growth was in acetate medium ( YPA) rather than SC. (C) Growth curve of wild-type yeast (SH777) in glucose or acetate medium. (D) Expression of an IME1-lacZ fusion gene present at the IME1 locus (see Experimental procedures). Cells were removed from mid-log glucose cultures (Gr), 36-h cultures (St), and after 6 h in sporulation medium (Sp) and assayed for β-galactosidase activity. The control strain (Cntrl) is SH777, a wildtype strain lacking the ime1-lacZ fusion. (E) Wild-type (WT; SH1232), cln3∆ (SH1709), cdc28-4 (SH944), swi6∆ (SH2191), cln1∆ cln2∆ (SH994), snf1∆ (SH970), and cln3∆ snf1∆ (SH1851) strains were grown in glucose medium, and samples removed at mid-log phase (Gr) or at the indicated times after transfer of mid-log cultures to starvation medium (St) or sporulation medium (Sp). Expression of IME1, IME2, or DED1 was determined as in Fig. 1 . (F) Quantification of IME1 expression relative to the DED1 control plasmid for the gel shown in (E). All values are standardized to the expression of IME1 in isogenic wild-type control cultures at 8 h in starvation medium.
comparable to the levels induced in sporulation medium (Fig. 1B, lanes 4 -8) .
Our results integrate the results observed in several earlier studies and imply that IME1 can be expressed to at least three distinct levels, a situation we term a threeposition switch: during the cell division cycle, IME1 is fully repressed, regardless of whether the carbon source is glucose or acetate; once the cells cease growth, or after transfer to starvation medium, IME1 is expressed to moderate levels; only when cells have ceased growth and a non-fermentable carbon source is also present can IME1 be subsequently induced to high levels.
To determine if IME1 transcript was translated when present at moderate levels, an IME1-lacZ allele was substituted for one of the two IME1 alleles in a diploid. This allele contains the IME1 promoter and untranslated region fused to the lacZ ORF. In the IME1/ime1-lacZ heterozygote, β-galactosidase activity was undetectable in growing cultures, at moderate levels once cells had ceased rapid growth, and at high levels under sporulation conditions (Fig. 1D ). In fact, cultures that had ceased growth expressed the fusion protein at 15 -20% of the levels observed in sporulation cultures, consistent with the amount of IME1 transcript present under these conditions. Thus, the IME1 transcript present in cells that have ceased growth is probably translated, consistent with an earlier finding that many other low-abundance messages are translated during the stationary phase (Dickson & Brown 1998) . With the caveat that our fusion gene lacks any regulatory elements present within the IME1 ORF or 3′-untranslated regions, Ime1p, like the IME1 transcript, appears to be expressed to at least three distinct levels.
Moderate IME1 expression is not sufficient for the initiation of meiosis
Moderate expression of IME1 might reflect equal expression from all cells in the culture or higher expression from a subpopulation of cells. We can distinguish between these two possibilities because cells that express high levels of IME1 initiate meiosis efficiently under either starvation or stationary-phase conditions (Lee & Honigberg 1996; Smith & Mitchell 1989) . Using a sensitive genetic assay for the haploid products of meiosis (see Experimental procedures Fig. 2A , left side), we determined that the frequency of haploidization in starvation cultures was approximately 5 -10-fold higher than in mid-log cultures; this increase represents less than 0.01% of cells in the culture (Fig. 2B , compare columns 1 and 5). Furthermore, the frequency of haploids did not increase at all in stationary-phase cultures in which incubation was continued for 5 days after the cells had ceased growth (column 6). In contrast, the frequency of haploidization in sporulation cultures was 100 000-fold higher than in mid-log cultures (Fig. 2B , columns 1 and 2). As a negative control, a sporulation culture of an ime1∆ mutant was also assayed; the frequency of haploidization in this culture did not increase over the background observed in growing cultures (columns 3 and 4).
It is possible that stationary-phase or starvation cultures might initiate meiosis without completing haploidization; for example, when IME1 is over-expressed in starved cultures, cells initiate meiotic recombination but do not undergo haploidization (Lee & Honigberg 1996) . These diploid recombinants were detected by a second genetic assay (see Experimental procedures and Fig. 2A , right hand side). Using this assay, we showed that when mid-log cultures were transferred to sporulation medium for 12 h the frequency of diploid recombinants increased 2 -3000-fold (Fig. 2C , compare columns 1 and 2). In contrast, when mid-log cultures were transferred to starvation medium, the frequency of diploid recombinants increased less than twofold (columns 7-8), indicating that < 0.5% of the cells in the culture had initiated meiosis. This was also true when the mid-log cultures contained acetate rather than glucose as the carbon source (not shown). Stationary-phase glucose cultures also did not display an increase in diploid recombinants, even after 5 days (columns 9 and 10). As controls, diploid recombinants were monitored in starvation cultures overexpressing IME1 and in sporulation cultures deleted for IME1. As expected, the over-expression of IME1 caused high frequencies of diploid recombinants, even under starvation conditions (column 6), and the deletion of IME1 completely prevented recombination even under sporulation conditions (columns 3 -5).
In summary, results from these two genetic assays showed that under conditions where IME1 is expressed at 5 -10% of maximum levels, < 0.5% of the cells are committed to meiotic recombination and < 0.01% of cells are committed to haploidization. These results imply that most cells in the culture are expressing moderate levels of IME1 rather than a minority expressing sufficient IME1 to initiate meiosis.
The Cln:Cdc28 pathway regulates the transition from low to moderate IME1 expression Sequential regulation of IME1 to moderate levels when growth ceases and to high levels under sporulation conditions could reflect regulatory pathways that are genetically, as well as temporally, distinct. For example, experiments from the Aldea laboratory demonstrate that cln3∆ mutants express IME1 to moderate levels during growth (Colomina et al. 1999) , suggesting that Cln3p is specifically involved in the transition from low to moderate IME1 expression. Candidates for other genes that may be involved in this transition include targets of Cln3p during the G1 phase of the cell cycle. During the transit from G1 to S-phase, the Cln3:Cdc28p complex activates SBF, a dimer of Swi4p and Swi6p transcription factors. Once activated, SBF binds to the promoter sequences present in CLN1, CLN2 and many other genes and triggers their transcription. To determine whether this pathway is involved in IME1 regulation, we examined the expression of IME1 in several mutants defective in this Cln:Cdc28p pathway. As a control, we confirmed that the cln3∆ mutants expressed IME1 during growth to levels which were appreciably greater than the wild-type (Fig. 1E , F, compare lanes 1-3 to lanes 4 -6). Interestingly, the cdc28-4, swi6∆ and cln1∆ cln2∆ mutants also expressed IME1 at significantly greater levels during growth than did the wild-type (Fig. 1E , F, lanes 7-15). The strain also contains the HIS3 and the LYS2 genes at allelic positions on chromosome IV, allowing an assay for the frequency of cells that have undergone meiotic recombination in the absence of haploidization. Cells that initiate crossovers between the centromere and the CAN1 s allele on both chromosome V and II and do not undergo the meiotic divisions can re-enter the cell cycle to generate diploid His + Lys + Can r isolates. (B) The bars show the frequency of haploidization in a wild-type (SH1274) and an ime1∆ (SH1336) strain in mid-log glucose cultures (Gr), 48 h after transfer of these growth cultures to sporulation medium (Sp) or starvation medium (Str), or when the growth cultures were incubated for an additional 120 h (Stt). (C) The frequency of diploid recombinants under the same conditions described in (B). The culture conditions and the time in hours that the culture was incubated is shown below the graph. The frequency of recombination is calculated as the frequency of colonies growing on His − Lys − Can medium/c.f.u./0.031 (see Experimental procedures).
Snf1 kinase regulates the transition from moderate to high IME1 expression
Importantly, IME1 expression in the above cell cycle mutants contrasts with IME1 expression in a snf1∆ mutant. The snf1∆ mutant, like the wild-type, expresses moderate levels of IME1 under starvation conditions, but the snf1∆ mutant is defective in inducing high levels of IME1 under sporulation conditions (Honigberg & Lee 1998) . In fact, IME1 transcript levels in the snf1∆ mutant are even lower in sporulation medium than in starvation medium ( Fig. 1E , F, lanes 16-18). Thus, whereas the cell cycle regulators discussed above repress the transition from low to moderate IME1 expression, Snf1p activates the transition from moderate to high IME1 expression.
To further define the relationship between Cln3p and Snf1p controls on meiosis, we examined IME1 expression and initiation of meiosis in a cln3∆ snf1∆ double mutant. The double mutant, like the cln3∆ mutant, expressed moderate IME1 during growth (Fig. 1E , F, compare lanes 19-21); however, this double mutant, like the snf1∆ mutant, failed to induce IME1 under sporulation conditions. This mixed epistasis result indicates that Snf1p and Cln:Cdc28p most likely regulate IME1 through independent pathways. We propose that Cln:Cdc28p acts to completely block IME1 expression during growth in any carbon source. Once the cells cease growth and Cln:Cdc28p levels decline, IME1 is expressed at moderate levels. If in addition Snf1p is active, then IME1 can eventually be induced to high levels.
The Cln:Cdc28p pathway delays mid-log cultures from adapting to sporulation conditions
If cells expressing moderate levels of IME1 are at an intermediate stage between undergoing the division cycle and initiating meiotic differentiation, then cells at this intermediate stage may be able to initiate meiosis more rapidly than cells that are dividing rapidly. To test this hypothesis, we compared mid-log cultures to cultures which had ceased growth, with respect to the timing of IME1 induction. Midlog cultures and 36-h cultures were harvested, washed, and then transferred into sporulation medium. The levels of IME1 transcript were monitored at the indicated times after this transfer (Fig. 3A) . We found that IME1 induction was delayed by at least 4 h when mid-log cultures were transferred to sporulation medium relative to when 36-h cultures were transferred (Fig. 3A , compare lanes 2-7 to lanes 8-13). Thus, once the cultures cease growth, they are adapted or potentiated to induce IME1.
To determine whether mid-log-derived sporulation cultures are also delayed in entering meiosis, mid-log cultures were compared to 36-h cultures with respect to how quickly they initiated meiotic recombination. Indeed, sporulation cultures derived from mid-log were delayed in commitment to meiotic recombination by approximately 10 h relative to sporulation cultures derived from 36-h cultures (Fig. 3B, compare filled circles to open circles) . Importantly, after 60 h in sporulation medium the frequency of recombination in both cultures was approximately the same (8.9 ± 1.2 × 10 −4 and 7.4 ± 1.4 × 10 −4 Trp + recombinants/c.f.u., respectively), as was the frequency of spore formation (47 ± 4% and 46 ± 3%, respectively). Thus, both IME1 induction and commitment meiotic recombination occurred more rapidly when the cells had ceased growth prior to transfer to sporulation medium, but the final efficiency of meiosis and sporulation was approximately the same for both cultures.
Since mid-log-derived sporulation cultures were delayed in IME1 induction and in initiating meiosis, we examined whether the delay in initiation of meiosis was attributable to a delay in IME1 induction or to some other cause; for example, a need to complete cell division before initiating meiosis. For this purpose, we used a strain bearing IME1 on a high-copy plasmid, which expresses high levels of IME1 transcript, even in growing cells (Lee & Honigberg 1996) . We transferred mid-log cultures of this strain or a control strain bearing a vector plasmid to sporulation medium and then measured the recombination frequencies at various times after this transfer. We determined that the cultures containing the high-copy IME1 plasmid initiated meiotic recombination 10 -12 h sooner than the control cultures (Fig. 4A , compare open triangles to filled triangles). In fact, when mid-log cultures containing the IME1 plasmid were transferred to sporulation medium, they initiated meiotic recombination approximately as rapidly as cultures that had ceased growth prior to transfer (compare Fig. 4A , open triangles to Fig. 3B open circles). These results are consistent with the idea that mid-log-derived cultures are delayed in initiating meiosis as a result of being delayed in inducing IME1.
Because mid-log cultures have a higher Cln:Cdc28p activity (Gallego et al. 1997; Ohkuni & Yamashita 2000; Parviz & Heideman 1998) and lower IME1 expression than stationary-phase cultures, it may be that Cln:Cdc28p causes the delay in adapting to sporulation conditions. Indeed, earlier studies have demonstrated that cln3∆ and swi6∆ mutants induce meiotic replication sooner than does the wild-type (Colomina et al. 1999; Leem et al. 1998) . Thus, we measured the timing of IME1 induction after either the wild-type or Cln pathway mutants were transferred from mid-log cultures to sporulation conditions. We found that cdc28-4, swi6∆ and cln1∆ cln2∆ and cln3∆ mutants transferred from mid-log cultures to sporulation medium-induced IME1 more rapidly than did the wild-type strain (Fig. 3C) , whereas there was little difference between these mutants and the wild-type when 36-h cultures were transferred to sporulation medium (not shown).
To confirm the above experiment, we also examined the timing of meiotic recombination after transfer of a cln3∆ mutant from either mid-log cultures or 36-h cultures to sporulation conditions. When mid-log cultures were transferred, the cln3∆ mutant initiated recombination much sooner than did the wild-type (Fig. 3B , compare filled triangles to filled circles). In contrast, when stationary-phase cultures were transferred, cln3∆ had little or no effect on the timing of meiotic recombination (Fig. 3B , compare open triangles to open circles). Thus CLN3 expression contributes to the delay in entering meiosis. Finally, we examined the timing of IME1 induction and commitment to meiotic recombination in the cln3∆ snf1∆ double mutant. The double mutant, like the snf1∆ single mutant, is completely defective for both processes (Fig. 3B, C) . Thus, both the absence of Cln3 and the presence of Snf1 are required for a rapid induction of meiosis. -7) or from mid-log phase (lanes 8-13) and transferred to sporulation medium (Sp) at a final cell concentration of 5 × 10 7 cells/mL. At the indicated times after transfer, cells were analysed for IME1 expression as in Fig. 1. (B) Wild-type (SH1232), cln3∆ (SH1709) and snf1∆ cln3∆ (SH1851) cells were removed from either growing or non-growing (36 h) cultures and transferred to sporulation medium. At the indicated times after transfer, samples of the cultures were assayed for intragenic recombination at the trp1 locus. (C) Timing of IME1 and IME2 induction in wild-type (WT; SH1232), cln3∆ (SH1709), cdc28-4 (SH944), cln1∆ cln2∆ (SH994), swi6∆ (SH2191), snf1∆ (SH970), and snf1∆ cln3∆ (SH1851) strains. Cultures were grown in glucose medium to mid-log phase (5-10 × 10 6 cell/mL) and then transferred to sporulation medium for 0, 4, 8 or 12 h and assayed for IME1 and IME2 transcript levels as in Fig. 1 . The numbers beneath each lane represent the relative level of IME1 transcript calculated as in Fig. 1 .
CLN3 over-expression acts through SWI6 and IME1 to inhibit meiosis
Over-expression of CLN3 in wild-type cells represses the initiation of meiosis under sporulation conditions (Colomina et al. 1999) . If the Cln:Cdc28p pathway represses IME1 independently of Snf1p, then the ability of CLN3 over-expression to inhibit meiosis should be dependent on genes in the Cln:Cdc28p pathway, and on the repression of IME1, but independent of SNF1. To determine if repression of IME1 by CLN3 requires SWI6, we over-expressed CLN3 in a swi6∆ mutant and measured both IME1 expression and spore formation after transfer to sporulation conditions. As a control, we confirmed that CLN3 over-expression represses IME1 induction in the wild-type (Fig. 4B, lanes 13-15) (Colomina et al. 1999) . In striking contrast, CLN3 over-expression in a swi6∆ mutant completely failed to inhibit IME1 induction (Fig. 4B, lanes 27-29) . Furthermore, CLN3 over-expression inhibited sporulation by approximately 15-fold in the wild-type but only by 2.3-fold in the swi6∆ mutant (wild-type + vector: 58% ± 3%; wild-type + oeCLN3 plasmid: 4% ± 0.4%; swi6∆ + vector 50% ± 2%; swi6∆ + oeCLN3 plasmid: 22% ± 4%). This 2.3-fold drop may indicate that there is a SWI6-independent pathway, as well as a SWI6-dependent pathway, by which CLN3 overexpression represses meiosis. In contrast to the results with the swi6∆ mutant, over-expression of CLN3 effectively repressed IME1 and sporulation in a swi4∆ mutant (not shown), presumably because both Swi6 complexes, SBF (Swi4:Swi6p) and MBF (Mbp1:Swi6p), can activate CLN1 and CLN2 expression (Koch et al. 1993) .
As expected, we found that the over-expression of CLN3 in sporulation cultures also delayed initiation of meiotic recombination relative to the control culture (Fig. 4A) . To determine whether IME1 is the major target of this over-expression, we examined the timing of initiation of meiotic recombination in a mid-log-derived culture that over-expressed both CLN3 and IME1. This strain initiated meiotic recombination at least 8 h sooner than the strain over-expressing CLN3 alone (Fig. 4A , compare open circles and filled circles) and at approximately the same rate as stationary-phase cultures not over-expressing either gene (compare Fig. 4A , open circles to Fig. 3B , open circles). Thus IME1 over-expression suppresses the defect in meiotic initiation caused by CLN3 over-expression.
Interestingly, CLN3 over-expression does not affect moderate IME1 expression under starvation conditions (Fig. 4B, compare lanes 3 -5 to lanes 10 -12) . Thus, whereas deleting CLN genes caused moderate IME1 expression in growing cultures, over-expressing CLN3 did not prevent this expression in starvation cultures, perhaps because Cln:Cdc28 activity is repressed post-translationally in the latter cultures (Mendenhall & Hodge 1998) . To test whether Snf1p is required to repress Cln:Cdc28 in these cultures, we over-expressed CLN3 in a snf1∆ mutant. We found that IME1 was still expressed at moderate levels under starvation conditions in this strain (lanes 38 -40) . Thus the over-expression of CLN3 does not repress moderate IME1 expression, even when Snf1p is absent, consistent with our earlier conclusion that Snf1p acts independently of Cln:Cdc28p.
CLN2 is more active than CLN1 in repressing the initiation of meiosis
The over-expression of CLN1 had much less effect on spore formation than over-expression of CLN2 or CLN3 (Colomina et al. 1999) . We extended this work to show that over-expression of CLN1, unlike the other two CLNs, had only a modest effect on the induction of IME1 (Fig. 4D ) and initiation of meiotic recombination (not shown). To directly compare the effect of different CLNs on initiation of meiosis, we compared the timing of initiation of meiotic recombination in cln1∆ and cln2∆ single mutants and in the cln1∆ cln2∆ double mutant. We found that the cln2∆ and the cln1∆ cln2∆ mutants, like the cln3∆ mutant (Fig. 3B) , initiated meiotic recombination more rapidly than the wild-type; in contrast, the cln1∆ mutant had only a modest effect on the timing of meiotic recombination (Fig. 4E) . Thus both cln∆ and CLN overexpression experiments indicate that CLN1 is less active than the other two Clns in repressing initiation of meiosis. Interestingly, in a different strain background, the cln1∆ mutant is delayed in initiating meiotic recombination (Mai & Breeden 2000) . In a final test of the relative importance of CLN1 and CLN2 in meiotic repression, we compared the effect of CLN3 over-expression on cln1∆ and cln2∆ mutants (Fig. 4F ). We found that overexpression of CLN3 almost completely inhibited IME1 in both wild-type and cln1∆ strains, but that inhibition was released in the cln2∆ mutant. Thus all three experiments indicate CLN2, and not CLN1, as the major target of CLN3 and SWI6 in repressing initiation of meiosis. Calvert & Dawes (1984) proposed that cells must reach a critical size before they can initiate meiosis and that the effect of a dominant CLN3 mutation (whi1-1) on initiation of meiosis results from its effect on cell size. Consistent with their hypothesis, we observed that although the cln3∆, cdc284 and cln1∆ cln2∆ mutants grew Strains containing a GAL1-CLN3 plasmid (W16) and/or a high-copy plasmid that causes IME1 over-expression (pS303) were transferred from mid-log phase to sporulation medium containing 0.1% galactose; cultures were assayed for recombination at the trp1 locus at the indicated times after transfer. WT: wild-type containing vector plasmids (SH1464). oeCLN3: wild-type containing CLN3 over-expression plasmid (SH1468). oeIME1: wild-type containing IME1 over-expression plasmid (SH1466). oeCLN3 + oeIME1: wild-type containing both CLN3 and IME1 over-expression plasmids (SH1470). (B) Effect of overexpression of CLN3 on IME1 and IME2 induction in WT, snf1∆ and swi6∆ strains. Wild-type, swi6∆ and snf1∆ strains containing a plasmid that over-expresses CLN3 (SH1552, SH2193 and SH1673, respectively) or a control plasmid (SH1550, SH2191 and SH1672, respectively) were transferred from late log phase culture (3 × 10 7 cells/mL) into starvation (Strv) or sporulation (Sp) medium and assayed after 4, 8 or 12 h. For comparison, samples from each culture were also removed from mid-log phase (Gr). Samples were assayed for IME1, IME2 and DED1 (control) transcript as in ) and then transferred to sporulation medium; samples were removed at the indicated times and assayed for initiation of meiotic recombination. (F) Timing of IME1 induction in WT + vector (SH1550), WT + CLN3 over-expression plasmid (SH1552), cln1∆ + CLN3 over-expression plasmid (SH2348), cln2∆ + CLN3 over-expression plasmid (SH2339). Cells were grown to stationary phase and then transferred to sporulation medium.
Effect of Cln pathway on cell size under sporulation conditions
at approximately the same rate as the wild-type at 30 °C, these mutants were appreciably larger than the wild-type 4 h after transfer to sporulation medium (not shown). Indeed, as reported previously, these mutants are also larger than the wild-type during growth (Loeb et al. 1999; McInerny et al. 1997; Ogas et al. 1991) . To test Calvert & Dawes hypothesis further, we examined the effect of the tetO-CLN3 over-expression plasmid on cell size after 4 h in sporulation medium. The mean volume for a strain carrying a control plasmid (112 ± 10 fL) was much higher than a strain containing the CLN3 over-expression plasmid (87 ± 3 fL). These results are consistent with the Calvert & Dawes (1984) hypothesis that CLN3 affects meiosis by controlling cell size. On the other hand, the correlation between the size of a mutant and its ability to enter meiosis is not uniform. For example, ras2∆ mutants are smaller than the wild-type in sporulation medium (88 ± 3 fL and 110 ± 3 fL, respectively), although they sporulate precociously (Matsuura et al. 1990; Smith & Mitchell 1989) . Although the relationship between cell size and initiation of meiosis is still unclear, our results are consistent with the earlier hypothesis that reducing cell size is one mechanism by which Cln:Cdc28 inhibits initiation of meiosis.
IME2 expression
At the same time that we measured IME1 transcript levels in the experiments described above, we also examined the expression of IME2. In large part, regulation of IME2 paralleled IME1, but IME1 was expressed under a somewhat broader range of conditions than IME2. For example, like IME1 transcript, the IME2 transcript was undetectable in mid-log glucose cultures (Fig. 1A, lanes  2-4) , present at moderate levels in starvation medium (Fig. 4B, lanes 3-4) , and at high levels in sporulation medium (Fig. 1A, lane 8) . However, unlike IME1, the IME2 transcript was undetectable in glucose cultures which had ceased growth (Fig. 1A) and was expressed much less in acetate cultures than in sporulation cultures (Fig. 1B) . Consistent with this last result, and the fact that cells require both IME1 and IME2 to sporulate efficiently (Foiani et al. 1996) , the frequency of spore formation was much lower in stationary phase acetate cultures than in sporulation cultures (after 60 h, 9.2 ± 2% and 43 ± 2%, respectively) even though IME1 was expressed to near maximal levels in both cultures.
IME2 expression in the cln3∆, cln1∆ cln2∆, cdc28-4, snf1∆ and swi6∆ mutants in most cases paralleled IME1 expression. For example, all four cell cycle mutants induced IME2 more rapidly than did the wild-type (Fig. 3C) . Furthermore, over-expression of CLN3 or CLN2 repressed IME1 and IME2 under sporulation conditions to similar extents (Fig. 4B, compare lanes 6 -8 to lanes 13 -15) . However, unlike IME1, IME2 is not expressed in cln∆ mutants during growth or in snf1∆ mutants during starvation. These results are consistent with earlier studies showing that IME2 transcription is subject to additional nutritional controls beyond those controlling IME1 transcript (see Introduction).
Discussion
IME1 is regulated as a three-position switch
Cellular responses are often controlled by more than one signal transduction pathway. In yeast, the signalling pathways that control expression of IME1 are coordinated such that meiosis is triggered only under specific conditions and at a specific stage of the yeast life cycle. In this paper, we report on the biological logic underlying this coordination. Our principle conclusion is that the coordination occurs in part because Cln:Cdc28p and Snf1 kinase act sequentially to regulate IME1. This regulation occurs in a manner analogous to a three-position switch: (i) when cells are dividing, the IME1 transcript is undetectable regardless of carbon source; (ii) once cells cease growth, IME1 is expressed at moderate levels; (iii) when the cells have ceased growth and the appropriate carbon sources are also present, IME1 is subsequently induced to levels sufficient to trigger meiotic initiation. As shown in Fig. 5 and described below, the regulation of IME1 at two temporally distinct stages can be understood in the context of the different roles of the Cln:Cdc28 pathway and the Snf1 kinase pathway in this regulation.
CLN3 represses IME1 via SWI6 and CLN2
During the G1/S transition, Cln3:Cdc28p activates the Swi4/Swi6p (SBF) transcription complex, which binds to sites in the CLN1 and CLN2 promoters (SCB boxes), and activates the transcription of these genes. Two lines of evidence indicate that this same pathway also functions to prevent IME1 expression. First, mutants defective in components of this pathway (cln3∆, swi6∆, cln1∆ cln2∆ and cdc28-4 ) all share the same phenotypes with respect to IME1 expression: increased IME1 expression during growth and accelerated IME1 induction after transfer to sporulation conditions. Second, CLN3 over-expression prevents IME1 induction in the wild-type (Colomina et al. 1999) , but not in a swi6∆ mutant. Furthermore, although SBF activates both CLN1 and CLN2 during the transit from G1 to S phase, only CLN2 is likely to have a large role in the repression of meiosis. For example, deletion of CLN2 has a more extreme phenotype than deletion of CLN1, and over-expression of CLN2 also has a more extreme phenotype than over-expression of CLN1. Furthermore, repression of IME1 by CLN3 over-expression is relieved to a greater extent in a cln2∆ mutant than in a cln1∆ mutant. Several earlier lines of evidence have indicated that each of the three different Cln:Cdc28 complexes have specialized functions. For example, Cln3:Cdc28 is the major complex to activate CLN1 and CLN2 transcription (Dirick et al. 1995; Levine et al. 1996; Stuart & Wittenberg 1995) , but is less active than Cln2:Cdc28 for several other G1 functions (Levine et al. 1996) . In addition, CLN1, but not CLN2, is transiently repressed when cells are transferred from a poor carbon source to glucose (Flick et al. 1998) , and a cln1∆ mutant is more defective than a cln2∆ mutant for pseudohyphal growth (Loeb et al. 1999) .
Direct vs. indirect roles of Cln:Cdc28 in regulating the mitosis/meiosis switch
Since Cln:Cdc28p triggers the G1/S transition during growth, its effect on IME1 and IME2 expression may depend on this function. Consistent with this idea, the over-expression of CLNs in sporulation medium increases the percentage of these cells that contain buds, suggesting that CLN over-expression may drive cells into a stage of the cell cycle that is not competent to enter meiosis (Colomina et al. 1999) . However, when both IME1 and CLN3 are over-expressed, cells enter meiosis normally; thus, except for the repression of IME1, cells that overexpress CLN3 remain competent to enter meiosis.
Although all of the cell cycle mutants we examined affect IME1 expression without noticeably affecting growth rates, it has been suggested that entry into meiosis requires that cells be larger than a critical cell size and hence that cell cycle mutants that are larger than normal could accelerate entry into meiosis (Calvert & Dawes 1984) . Consistent with this idea, cln3∆, cdc28-4 and cln1∆ cln2∆ mutants are larger than normal after transfer to sporulation medium and are defective in IME1 repression. Furthermore, the over-expression of CLN3 results in a significant decrease in average cell size and also inhibits IME1 expression. These results are consistent with the Calvert & Dawes hypothesis, and indicate that IME1 expression is one target of this size control. However, the CLN3/SWI6/CLN2 pathway may also repress meiosis through size-independent mechanisms, particularly since CLN1 and CLN2 differ greatly with respect to their effect on IME1 expression but have not been reported to differ with respect to their effect on cell size.
Snf1p and Cln:Cdc28p regulation of IME1 occur at temporally distinct stages
As described above, the Cln:Cdc28 pathway has two roles in regulating IME1: it prevents moderate IME1 expression under growth conditions and delays high IME1 expression under sporulation conditions. Unlike Cln:Cdc28p, Snf1 kinase is not involved in the transition from low to moderate IME1 expression; the snf1∆ mutant expresses the same moderate level of IME1 in starvation cultures as does the wild-type (Honigberg & Lee 1998) . The snf1∆ cln3∆ double mutant, like the cln3∆ mutant, expresses moderate IME1 during growth, but this double mutant, like the snf1∆ mutant, is completely blocked in IME1 induction and initiation of meiosis.
These results suggest that the three IME1 expression levels result from two sequential and temporally distinct controls (Fig. 5) . In rapidly dividing cells, Cln:Cdc28p is present at relatively high levels regardless of carbon source, and this expression keeps the IME1 transcript at low (undetectable) levels. Once the cultures cease growth, Cln:Cdc28 activity decreases, and this decrease allows moderate expression of IME1. Induction of IME1 to the higher level depends on the Snf1 kinase. In cultures containing only acetate as a carbon source, Snf1 kinase is active, and IME1 can be expressed at high levels; in cultures containing glucose, Snf1 kinase is inactive, and IME1 can only be expressed at moderate levels. Because growing cells must first inactivate Cln:Cdc28p before they can induce IME1, stationary phase cultures initiate meiosis much more rapidly than mid-log cultures. As a result, mutants defective in the Cln:Cdc28 pathway enter meiosis from mid-log phase more rapidly than the wild-type. It is likely that other nutritional pathways, in addition to the Snf1 kinase pathway, also regulate the transition from moderate to high IME1 expression. In this regard, it is interesting to note that glucose promotes high levels of Cln:Cdc28 relative to other carbon sources (Flick et al. 1998; Parviz & Heideman 1998) , so it is possible that glucose also represses meiosis by giving rise to greater Cln:Cdc28p activity.
IME2 regulation by the Cln:Cdc28 and Snf1 pathways
IME2, the second major gene that promotes entry into meiosis, is also regulated as a three-position switch, but under some conditions, such as in glucose cultures which have ceased growth, the IME1 transcript is present at moderate levels, while IME2 transcript is not detectable. These results are consistent with previous studies showing that IME2 transcription depends not only on IME1 transcription but also on the post-transcriptional modification of Ime1p, localization of Ime1p to the nucleus, and the interaction between Ime1p and other proteins (Colomina et al. 1999; Malathi et al. 1999; Rubin-Bejerano et al. 1996; Vidan & Mitchell 1997) . Furthermore, these post-transcriptional controls involve both CLN3 and SNF1 (Colomina et al. 1999; Honigberg & Lee 1998) . The examination of IME2 transcript levels in this study reinforces this view. For example, under starvation conditions, a snf1∆ mutant is defective in IME2 but not in IME1 expression. Furthermore, Cln:Cdc28 pathway mutants fail to completely repress IME1 transcript during growth, but still fully repress IME2.
Functional implication of the dual regulation of meiotic initiation
The dual controls on meiosis by Cln:Cdc28p and Snf1p allow cells to utilize either fermentable or non-fermentable carbon sources for growth but only utilize non-fermentable carbon sources for sporulation. Because the regulatory circuit controlling entry into meiosis requires both the cessation of growth and a non-fermentable carbon source, a non-fermentable carbon source can drive growth when other nutrients are present (high Cln:Cdc28p levels) and drive meiosis when other nutrients are absent (low Cln:Cdc28p levels).
The environmental signals necessary to trigger meiotic differentiation -a non-fermentable carbon source, the absence of glucose and the cessation of growth -are exactly the same signals that are present as yeast cultures become depleted for nutrients. Even when the cells are initially supplied with a fermentable carbon source such as glucose, the culture will contain mostly ethanol, a nonfermentable carbon source, during late stages of growth (Fraenkel 1982) . These different signals may determine the timing of meiotic initiation, at least in part by the sequential regulation of IME1 by Cln:Cdc28p and Snf1p described above. Cessation of growth, and the accompanying decrease in Cln:Cdc28p activity, allows IME1 to be expressed at moderate levels, whereas the replacement of fermentable carbon sources by non-fermentable carbon sources, and the accompanying increase in Snf1p activity, allows IME1 to be subsequently induced to high levels. This type of sequential, combinatorial regulation resulting in multiple expression states may be a general mechanism for integrating different regulatory signals into a coordinated cellular response.
Experimental procedures
Plasmids and strains
An ime1∆ plasmid was constructed in two steps. In the first step, a 3.3-kb BamHI/KpnI genomic fragment including the entire IME1 ORF was cloned into the BamHI and KpnI sites of RS306 to generate pS267. In the second step, pS267 was digested with HindIII and EcoRI, the ends were filled in and the plasmid was re-ligated to generate a 978-bp deletion in the IME1 gene (pS274). A plasmid (pS373) used to produce an RNA probe for IME1 transcript was constructed by cloning an 831-bp PstI-KpnI fragment of pS303 (Honigberg & Lee 1998) into RS304. Plasmids described in earlier studies: pS201 (Lee & Honigberg 1996) , pS303 (Honigberg & Lee 1998) , W16 and BM150 (Cross 1990 ), pCM207 (tetO-CLN1), pCM214 (tetO-CLN2), and pCM166 (tetO-CLN3) (Colomina et al. 1999) . pCM87, which contains the tet-TA gene and a LEU2 marker, was used to insert the tet-TA gene into the LEU2 locus; the tet-TA gene causes over-expression of tetO-CLN fusion genes, and tet-TA is only expressed when tetracycline is absent from the medium (Colomina et al. 1999) .
All yeast strains used in this study are isogenic relative to W303; they are listed in Table 1 . The presence of mutations in marker genes, such as URA3 and LEU2, can affect the timing of meiotic initiation, so all auxotrophic markers were matched in strains being compared. For conciseness, when transcript levels were compared in multiple mutants, only one wild-type strain is shown Figure; however, quantification of the IME1 signal is always relative to a wild-type strain analysed at the same time and containing identical auxotropic markers. The ime1∆ strain was created by two-step gene replacement (Rothstein 1991) using ClaIlinearized pS274. The cln∆ and snf1∆::URA3 alleles were constructed as previously described (Cross 1988; Hadwiger et al. 1989; Honigberg & Lee 1998) ; the snf1∆::URA3 allele is missing 99% of the ORF including the N-terminal, the cln1∆:URA3 allele is missing 48% of the ORF including the N-terminal, the cln3∆: URA3 allele is missing 41% of the ORF including the N-terminal, the swi6∆::TRP1 allele is missing 97% of the ORF, and the cln2:LEU2 allele contains LEU2 inserted at amino acid 87 of the ORF. The snf1::Dm strains were constructed from snf1::URA3 strains by PCR-fragment mediated gene replacement (Amberg et al. 1995; Baudin et al. 1993) , and replaced the URA3 gene with an intron sequence from the Drosophila tra gene, which bears no homologuey to the yeast genome. This replacement utilized a PCR fragment generated from the Drosophila tra gene using the primers AGGAGCACAGACTTAGATTGGTATATAT-ACGCATATGTAGTCATGAAAATTGCAAGTGCG and AATCATTACGACCGAGATTCCCGGGTAATAACTGATAT-AATTTTAAAAACTCAATTCGGCG. These primers contain 40 bp of homology to the 5′ or 3′ end of the URA3 gene, respectively, and 20 bp of homology to either end of the tra intron; the transformants were selected on 5-FOA medium. All disruptions were verified by PCR analysis using primers 200 -400 bp outside of the disrupted region or by Southern blot. SH1521, the strain containing the ime1::lacZ (URA3) allele, has one copy of the entire wild-type IME1 ORF replaced with the β-galactosidase ORF; it retains the entire IME1 promoter and upstream untranslated region but removes 136 bp downstream of the stop codon. The strain was constructed by transformation with a PCR fragment. The PCR fragment was created using the 60 mer oligonucleotides AATAAAAAGAAAGCTTTTTCTATTCC-TCTCCCCCACAAACAAAATGGATCCGTCGTTTTC and ACGCTACGGTATTATGTCATGGAGCTTGAGACATT-GAATACATATACACGGTGCCTGACT, and genomic DNA containing the mTN-3XHA/lacZ allele as template ( provided by S. Erdman, Syracuse University). SH1262 and SH1130 were constructed from SH677 and SH830, respectively, in two steps. In the first step, red, canavanine resistant (ade2 can1 r ) recombinants were isolated; in the second step, the pADECAN plasmid (linearized at ADE2 with StuI) was integrated into the ade2-1 locus to generate an ade2-CAN1 s -ADE2 duplication allele. SH962 and SH1334 were constructed from SH773 and SH832, respectively, by screening for ade2 (red) isolates and further screening of these derivatives for those that were Can S . SH1274 was created by crossing SH1262 and SH962, SH1336 by crossing SH1130 and SH1334.
Growth and sporulation conditions
Cultures were inoculated at a concentration of 5 × 10 4 cells/mL in 10-100 mL of growth medium. Mid-log cells were harvested at a cell concentration of 0.5-1 × 10 7 cells/mL, and the cultures that had ceased growth were harvested after 36 h at a cell concentration of 5-7 × 10 7 cells/mL. Glucose growth medium was synthetic complete medium (Rose et al. 1990 ); for strains containing plasmids, the media lacked leucine and/or uracil to maintain selection on the plasmid. The strain background used in this study grows slowly in synthetic acetate medium, hence rich acetate medium ( YPA) was used for the experiments shown in Figs 1B and 2C. Sporulation medium (SP2 + ) was 2% potassium acetate supplemented with amino acids. In experiments involving midlog cells or snf1∆ mutants, the sporulation medium also contained 0.17% yeast nitrogen base (lacking ammonium sulphate or amino acids), which increases cell viability under these conditions. In experiments containing the tetO-CLN plasmids, all growth and sporulation cultures lacked tetracycline; this antibiotic represses transcription from the tetO promoter. In experiments containing the Gal-CLN3 plasmid, cultures were grown to mid-log phase in glucose medium and then transferred to sporulation medium containing 0.1% galactose. This concentration of galactose is sufficient to induce Gal1-CLN3 in sporulation medium but is not sufficient to inhibit meiosis in the control strain. The starvation medium only contained 0.17% yeast nitrogen base (lacking ammonium sulphate or amino acids). All other media used in this study were as previously described (Rose et al. 1990 ).
Measuring growth, spore formation, cell size, recombination and haploidization since the markers are not CEN-linked; loss of heterozygosity (1 : 3 segregation) when diploid recombinants re-enter the cell division cycle occurs at a frequency of 50%; and co-segregation of both Can r chromosomes occurs at a frequency of 50%. Thus the frequency of Can r cells formed after CEN-CAN1 s recombination at two different pairs of homologous chromosomes, loss of heterozygosity at both of chromosomes, and co-segregation of the two non-CAN1 s chromosomes is approximately (0.5) 5 = 0.031. The assay was performed by removing a 100 µL sample from a sporulation culture at various times, washing, resuspending in 1 mL of YPD medium and incubating these cultures at 30 °C with aeration for 24 h, and then plating a portion of this culture on His -Lys -Can + plates. The 1-2 mitotic divisions that occur in YPD medium allow for loss of heterozygosity at the CAN1 S loci. Values for cell size, recombination, haploidization and spore formation presented in this paper are the mean of at least three independent experiments. Data in the text is represented as mean ± standard error. In graphs, the error bars represent the standard error; where error bars are not shown, they are less than the width of the symbol.
Expression assays
Yeast RNA was isolated by vortexing 2 × 10 8 yeast cells with glass beads and phenol as previously described (Elder et al. 1983 ). S1 nuclease protection was used to measure levels of the IME1, IME2, and DED1 transcripts. Signals were quantified with a STORM phosporimager. IME2 and DED1 probes have been described (Honigberg & Lee 1998) ; the IME1 probe was prepared by T7 transcription of AccI-linearized pS373 and protects a 432 bp fragment of the IME1 transcript. Two bands were protected by the IME2 probe, perhaps reflecting a heterozygous polymorphism in the IME2 gene or a region of strong secondary structure in the probe. lacZ protein expression was assayed in crude cell extracts (Rose & Botstein 1983) .
